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ABSTRACT 


A design of a remotely control led» unmanned submersible 
vehicle for insp»ection of nuclear spent fuel storage tanks is 
proposed. The submersible vehicle will be used for radiation 
detection and inspection of the spent fuel rods. 

The designed submersibles is one of the first vehicles 
developed, sped fi cal 1 y for applications in a nuclear power plant. 
It will be one of the smallest submersibles available, amongst 
the existing, unmanned self propelled submersibles. 

The submersible has a closed framework metal structure, 
eliminating the need for underwater equipment. It is propelled 
with three screw propellers, providing two translational motions 
and one rotational motion. A C. C. D camera for observation and 
inspection is mounted on a pan and tilt mechanism providing 
additional degree of freedoms for observation. The piower and 
signal transmission to the vehicle is through an umbilical cable. 
"Hie magnetic compass and the depth sensors assist the operator to 
navigate the submersible. A radiation detector will give the 
radioactivity level in the tank. 

TTiough the vehicle is designed for a nuclear power plant it 
will also find applications in hydroelectric and thermal pjower 
plants and in oil and gas industry, for inspection at shallow 
depths . 
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INTRODUCTION 


Chapter I 


1.1 Introduction to Submerslbles 


1.1.1 Definition 



A fiubmar&ibl« 

J ^ .£20} 

as 

a vessel 

capable 

of 

opierating 

underwater 

> whi 1 e 

a submar 1 ne 

Is 

a ship 

capable 

of 

cjper ating 

submerged 

Ther 

rel at.i onshi p 

of 

a submarine to 

a 


submersible is that of a ship to a boat. 

1.1.2 History 

The history of man's ability to develop means for 
directly exploring .scientifically studying and finally exploiting 
the bottom of the ocean and other underwater environments falls 
into four eras. 

The first era .wherein he can go beneath the water surface 
and to shallow depths by himself .starts as far back as 4500 
B. C. .when mother of piearl was used to decorate the Vase of 
Mesopotamia. The second era can be divided into two phases: phase -1 
in which he encap»sulates himself into a rather crude vehicle and 
is again limited by depth .endurance .range . and speed; phase-2 



wh^r^ a mora sophist.! called version knowri as Ihe submarine became 

available. Edward Hal ley » who discovered the comet named arter him 

is the first person to be credited with the building of the first 

th 

practical diving bell. This was in the middle of the 17 
century. The first reported use of a stibmarine for military 
purposes is credited to Bushnell who in 1776 built one called 
^Turtle*. 

Era three is the one wherein man has designed and used» 
generally for constructive purposes ► much smaller vehicle 

called the submersible .The first submersible was developed by 

Beebe in 1030 .In 1060 Piccard and Walsh dove to the bottom of the 
challenger deep Cl 300 m2> in the submersible called * Trieste*. The 
fourth era may be defined as the period in which a highly 

specialised effort to study and harvest the resources of the 

oceans has been successfully consummated using an unmanned 
submersible U. S. Navy*s CUftV-l CCable--Ck>ntr oiled Underwater 
Vehicle!) was one of the first unmanned vehicles. A number of 
vehicles were built after the 1070* s. Most of these vehicles were 
used for ocean exploration. In 1074 eight of these were bull t» by 
the end of 1060 the number of these vehicles had increased to 31* 
mainly due to the growth of the oil and gas industries. 

1.1.3 Classif ication 

Submersibles can be classified as manned or 
unmanned depMSFnding on the presence or absence of a human operator* 
in the vehicle. 

As the name suggests the manned submersible p>er mi ts placing 
of the human eye *hand and the brain directly at the ppoint of 
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ob»«>r vAllon. The unmAirined submersible refers to relatively small 
self propelled vehicles. It is also called as the remotely 
cent r ol 1 ed vehi cl e » or r emotel y manned under water vehi cl e . The title 
en^hasizes the fact that a human being is not inside the vehicle. 
Instead of being at the view pari, he is on the surface observing a 
TV moni tor . 

The unmanned submersible can be further classified as 
tel eop^r ated » wherein the control is in the hands of the op>erator 
and autonomous in which the vehicle can op>erate on its own without 
op>er at or i nter face . 

Based on the signal and power transmission system the 
submersible can be classified as tethered or untethered. In case of 
tethered submersibles the power and signal transmission is through 
a cable permanently connected between the vehicle and the surface 
support. In case of untethered vehicles^ signal transmission is 
through radio communication » acoustics or optical sensorsf^^ 

1.1.4 Manned Submersibles vs Unmanned Submersibles 

The advantages of unmanned submersibles over manned 
submersibles^^ ^^can be listed as follows : 
al Small in size and low weight. 

bl Enables operation in hazardous area without endangering 
por sonnel . 

cl Unlimited operational endurance on the working site because 
of cable link to the surface. 

dl Ease of changing crews without disrupting the mission. 

The negative features of unnaanned submersibles in relation to 


the manned submersibles are as under : 
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a 1 The umbilical cord dcableD causes difficulties in 

maneuver i ng f **even to the most experienced pilots due to the 
p>ossi bill ties of cable entanglement with the vehicle which is 
generally of>en sp>ace framework type* or with objects on work 
site. This limits the use of this vehicle to sp>ecific applications, 
bl Many manipulative and observational tasks require 3D viewing 
to be effective. Most sophisticated equipment and techniques 
cannot be a substitute for the human eye. The ability to react* to 
pursue the unexp>ected* to alter plans quickly and continuously in 
response to a changing situation is the most durable virtue of 
manned submer si bl es . 

c) Possible extensive loss to property if power should be lost 
and the vehicle surfaces out of control* since it is operated with 
a slight positive buoyancy* maintaining submerged positions 
using vertical thrusters. 

dl The intense concentration r€X|uired by the oporator to guide 
and control the vehicle limits the optimum time of the operator 
to about 3-4 hr. This necessitates staffing of more than one 
skilled and experienced operators to work on shifts. 

1.1.5 Scd^nhersible Characteristics 

On the basis of the existing unmanned 
Bubmersl bl.s » * ' crt/Alri common I'o.'LuroB regarding 'Lhom can bo 

obBorvod. Tho following discusBlon will glvo l<ho gonoral 
char acterl sties or the unmanned submer si bl es . The manned 
submersible Is similar to unmanned submerslbles with the exception 
of the means of signal and fxswer transmission. 
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a 3 Con^x^^nant. s 

The basic tethered self-propelled vehicle systems 

% 

consists of the vehicle and sometimes the launcher>and a cable in 
addition to the control equipment on the surface, 
bl Size 

Existing submersibles range from very small sizes of 
less than 1 m in any direction to large ones up to 5 m . 
cl Weight 

The underwater vehicles vary in weight from lOO kg to 
as much as 2500 kg. 
dl Op^erating E>epth 

Vehicles owned by the Industry range in depth 
cap>abl 1 i ti es in the range of 200 m to 2000 m. 
el £^»ed 

The spood of the unmanned vehicle ranges from 1 to 5 
knots C 0. 5 - 2 m/sec . 
fl Structure 

Most vehicles consist of an open metal framework that 
supports and encloses » for protection its various 

components. Aluminium alloy is most widely used material because 
of light weight. Buoyancy is usually positive by a few newtons for 
fail safe operation, 
g 1 Maneuver abi 1 i t y 

All but a few vehicles are cap>able of two 

translational motions and one rotational motion namely 
thrust C for war d/Or ever se5 and heave Cup/downD and yaw Cleft/Tight 
heading changesl} respsecti vel y. These motions are provided by two 


horizontal thrusters and one vertical thruster. The cable offers 
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an obvious pjotenllal for fouling, constraining the maneuvers, 
hi Work Instrumentation 

The primary task of the vehicle generally is observation 
and in many case photographic documentation .The submersibles are 
equipped with television cameras for viewing and photography 
resF>ectl vely. The submersibles are provided with magnetic 
compasses, gyroscopes or inertial navigators for heading and 
position control. Acoustic sensors are also used in some cases 
for locating acoustically reflective targets. The equipment 
Installed varies with the functions of the vehicles and the 
sophistication required. 

1.1.6 Submersible Applications 

The tasks performed by submersibles can be divided 
into two broad b^ses; Inspsection/documentation and manipulation. 
Most of the developed vehicles are used for inspection or 
documentation tasks. Very few vehicles have manipulative 
capyabi 1 1 ti es . Ocean engineering and oil industries are the two 
major areas in which submersibles are extensively used .They also 
.find use in nuclear and hydroelectric power plants , mainly for 
Inspection tasks . 

Ifrider Inspection the submersibles are primarily used for 
survey and photography of ocean beds , survey of marine flora and 
fauna, identification and confirmation of historical wrecks. In 
power plants and oil industry submersibles are used for inspection 
of underwater structures and pi pel 1 nes , f or detecting deterioration 


and corrosion conditions . 
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In manipulative tasks they are used for search and retrieval 
of lost equipment on ocean beds » cable and plpaellne burial on sea 
beds > repair of pipelines > welding of underwater structures and 
for waste dl sp^osal on the ocean bed .It Is al so used f or cl eanl ng 
of underwater installations in pjower plants. 

The submerslbles can be used for host of other applications 
and the above list is about the accomplished tasks with them. 

1.2 tfejectlve and Scope of Present Work 

1 . 2. 1 Goal 

The aim of the present work is to design an 
remotely controlled self propelled submersible vehicle to be used 
in nuclear spent fuel storage tanks. 

High level waste in the form of spent fuels Is stored in water 
ponds located at power plant site. The pond Is generally about 
40 m » 20 m * 15 m in size . ^^ent fuel from power plant is stored 
in these tanks till the activity drops to levels where fuel can be 
handled safely and without any radiation hazards during transport 
to fuel processing plants or for disposal. 

The primary function of the vehicle is visual inspection of 
the tank and fuel rods .It will also be used for radiation level 
detefction in the tank . 

1.2.2 Rationale for the Use of Submerslbles 

The use of a submersible can be justified on the 
basis of improved safety regarding radiation e>q>:ssure from spjent 
fuel storage tanks .Visual inspection of fuel rods will reveal the 
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corrosion levels and the presence of external cracks on it. This is 
important, considering that failure of cladding will result in 
release of radioactive gases .It is also necessary to Inspect tank 
walls since a damage to them will lead to seepage of radioactive 
water in the grotind. The use of a submersible will lead to 
financial savings since it can be used to decide the inventory 
level of fuel stored in the tank . 

1.2.3 Rationale for the Choice of Thesis Problem 

At the end of this decade ,the biggest challenge 
faced by the nuclear industry is the unfavorable public opinion 
regarding its viability for electric piower generation. The doubts 
fuelled by the TMI and the Chernobyll accidents, are related to 
the adverse effects of nuclear power plants on the environment and 
on human lives, during normtal operation or accident situations. 

To retain public trust for nuclear technology it is 
necessary to demonstrate beyond a certain doubt that nuclear power 
plants can be operated safely and with a minimum risk to human 
life. Advanced technologies will play a major role in building the 
necessary confidence and public acceptance for nuclear power 
pi ants . 

It is generally recognized that development and the 
implementation of robotics and related systems have a significant 
inrq^ct on the safety and productivity of nuclear power plants. 
Minimization of personnel radiation exposure and reduction of 
plant outages are among the potential benefits of robots 
Advanced systems will have to pserform tasks that generate 
significant occupational radiation exposure and tasks that an be 
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p»erforined reliably and in reduced time . 

This motivated me to %i«>rk on the development of" a 
robotics system for nuclear power plants, 

1.3 Design Requirements 

To achieve the mission objective defined in 
section 1.2» the characteristics of the submersible to be designed 
can be ascertained. The characteristics given below will act as 
guidelines along which the submersible will be designed. : 
al The submersible should be unmanned. The hazardous nature of 
the nuclear installation rules out the choice of manned 
submer si bl es . 

bl The submersible will be tethered In which the signal and 
power transmission medium is the umbilical and though it is 
cumbersome to manage it is preferred due to security of control. 
In case of untethered vehicle signal transmission could be by 
radio communication, optical signalling, or acoustic signally. 
Radio communication is limited by the prerdoml nance of metal 
structures giving rise to shadows which can lead to inter mi ttence 
of communication. Optical signalling as a transmission medium for 
the present application is limited by the line of sight 
requirement. The signal media depending on acoustics is limited by 
the available bandwidth. The transmission of a single CC TV frame 
would take about one minute.^^^^ 

c] The axial velocity of the vehicle should be in the range of 

0.5 knots CO. 25 m/seci to 3 knots Cl. 5 m/secD 

dl The operating depth of the vehicle is limited to 20 m. 
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The vehicle should have high degree of maneuverability since 
it will operate in a confined space. The space between the fuel 
racks constrains the size of the vehicle to Im *flmwlm. 
fl The submersible should move in the direction specified by the 
pi 1 ot . 

gl The submersible must have high reliability. Any failure of 
vehicle should not result in loss in property or damage to the 
fuel rods. 

h3 In case of a power failure it should be pjossible to remove 
the vehicle manually from the tank. The vehicle should maintain 
its position and should not go out of control in a eventuality of 
power failure. 

13 The vehicle should have ease of maintenance. The components 
should be in modules which can be easily dis -assembled. 

1.4 Outline of the Thesis 

The conditions the submersible should satisfy have 
been identified in section 1.3. The second chapter presents the 
design of the submersible. The third chapter investigates the 


forces acting 

on 

the 

vehi cl e and 

establ 1 shes the 

equilibrium 

condi t i ons of 


vehicle assuming 

steady state 

itto*Lion. 

The 

r el ati onshi ps 

for 

the 

calcul ati ons 

of forces are given 

in 


chapter -4. The guidelines for the selection of the propulsion 
system, the major element of the submersible is presented in 
chapter -5. Chapter -6 calculates the forces acting on the vehicle 
using equations established in chapter -4. The last but one chapter 
verifies whether the submersible meets the design requirements or 
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not. The lest, ch&pt^er Cites the further work to be done on the 
vehicle. 



SUBMERSIBLE DESIGN 


IS 

Chapter II 


2.1 Introduction 

Tho dosign of tho submersible^ developw&d for the 
tasks mentioned in section-1.2 and satisfying the d€fsign 
requirements discussed in section 1.3 is presented in this 
chapter. The chapter gives the information of the designed 
vehicle and the related subsystems. 

2.2 Submersible specifications and E^awings 

The sketch of the designed vehicle is shown in Fig 
2.1 The assembly drawings showing the compyonents of the vehicle 
and the mounting arrangements is depicted in Fig. 2.2 £a!l»Fig. 2.2 
Cb3 and Fig. 2. 2Cc3 with the pyarts list given in Table. 2.1. The 
detail p^rts drawings are given in Fig.l to Fig. 27 in Appiendix-A. 
Fig.2£a3 is the view of the vehicle from the stern side with 
the vehicle moving away from the viewer. Fig. 2. 2 Cb3 and Fig. 2. 2 
Cc3 are the section drawings taken along the sections shown in 


Fig. 2. 2 tal. 
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C>ii»t«etor 

1 

i 

- 

GU £>etector 

s 

1 1 


M&n Hol« Covfipr 

‘;A1 

Alloy 



1 

4 

Bol ts Tor 3S 

4 

r 

- 

r - 

M 16 M 8 


' 6 


O rings for 89’ 

f ■ r - 

- 

= i.d = 86 
C/^s ^ = 4 

u . ■ _ - - 


' 6 


Bolts for 84 

i 

3 

- 

M 8 M 1.88 

i ^ 

- 

O rings for 31 

1 

- 

i.d = 33 
] c/s ^ = 4 


S ^ 


r_r' 

1 


■ i . 


i 

t 

.r * A 


Fig No 

) 

Std 

Std j 

? 

5 = 

2 

3 ’ 

J 

-€ 

8. 3 j 

Std : 

■ i 

f 

i 

■ I 

3. 4 ^ 

I 

— ^ 

5 


5 ^ 

g 

Std 

Std r 

V 

std 5 

Std , 
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l4o 

> 

' Coni{>orMrt't 

llat.erial 

: S:{>eoif ication 

;Mo. Off ■ 

< s 

Fig No' 

i 

1 

: 33 

>; 

; O ring for 8 

< 

j i.d = aa 
i. 0,,'s ^ = 3 

S - i 

1 < 

■ i • - -■ * 

Std ' 

i 33 

1 WA.fih«Fr for 1 8 

\ 

; 

J i.d = 17 

1 

4 

i 6 ■ 

Std ' 

i 

34 

! for 1 

1 

i.d = 17 

' 6 : 

\ 

P 

Std i 

36 

; Bolts for i 

t 

? 

1 

i M 16 M 1 . 5 

i 

8 

std ^ 

% 

< 

S 

f 


? ? 


1 

< x>0 

< 

O ring for 35 

4 

1 i . d = as 

; c/s ^ = 4 

r ! 

1 ^ 

Std ' 

i 

T 

i _ . . 

, 


? «- 

fc <.v ' 

r k 

’> 

i 

3y 

1 Washer for 3B 

f 

5 i.d = 17 

< 

1 e ■ 

Std ; 

38 

A 

Bolts for ai 


; M 6 » i.aB 

s i 

i 

■ ^ i 

Std , 

- 

1 - 


,1 


■> 

' 33 

^ O ring for 31 

j 

- 

; i.d = aa 

5 C/S ^ = 3 

! ^ : 

Std ; 

i 

. Washer for 31 

■ 

; i.d = 3 

^ i. 

1 ^ 

{ ^ 

< 

Std 1 

i 

5 Bol t.s for Q 


! M 8 » i.as 

i 

r [ 

Std 5 

; -ia 

4 

^ hiut f'cjr shaft. 

\ 

y 

] M 8 w 1.85 

> 

3 . 

Std 

' -4.3 

z Washer at, 
j hub 

4 

'i 

\ 

^ i.d = as 

< 

1 

. , f 

\ 3 : 

Std 

i 

f 

f. 

1 

1 


4 - 

i 

A ' 

1 

1 

Table. 

2. 1 Paris 

List of the 

Submersible 
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Th<^ ovfiprAll diiMnsions of v^-hicl^? is given in 

a. 2 and Table 2.3 gives -the vehicle specifications . 


: No 

i! 

> 

r 

OVERALL 

DIMENSIC^S 

? 

Valu* 

; 1 

? 

Length 

CnD 

4 

1 . O 

1 2 


Breadth 

CnD 

r 

1.0 

? 

\ ^ 

i 

Hei ght 

CnO 

0 

0.8 


Table. 2.2 


Overall Dissension of the Submersible 


' Klo 


SPECI FI C ATI OWS 


VALUE 


1 

i 

Weight 


cn:> ’ 

leio 

« 

2 


E>epth 


CwO 

O -- 20 


3 


Forward 

Velocity 

< 

Cm/secI) ; 

c 

1 

o 


A 

f 

Vertical 

Velocity 

Cni/B*el> ■ 

0-0.7 


B 

1 

For ward 

Thrust 

CN5 

O - 200 

> 

6 

r 

Vertical 

Thrust 

CN5 

O - 130 

i 

7 


Power Requi r ed 

CW!) : 

lOOO 

5 


Table. 2. 3 


Submersible S^>ecif ications. 


Table 



2.3 


Details of‘ the Eteslgned Submersible 


2.3.1 Hull Assembly 

Thie submersible has a closed framework metal 


structure 

so 

that water 

tight 

seal i 

ng for 

i ndi vi dual 

vehicle 

compMonents 

is 

not required 

. The 

hul 1 

assembl y 

consi sts 

of the 

buoyancy tank 

> the frorit 

cover > 

the 

back cover and the 

manhol e 


cover and the panel board for electric connections^ showri in Fig, i 
a^b and c> Fig. '2^ Fig. Fig. 4 and Fig. 5 respecti vel y » attached 
in Appendix - A. Tlie buoyancy tank acts as a support for the 
vehicle components and provides the required buoyancy. Thie tank is 
made of an aluminium alloy since it has high strength to weight 
ratio» and corrosion resistance. The observation port of the 
vehicle is the the front cover of the hull. Tliis is made of an 
unsaturated polyester with reinforcing material like glass fibre 
which is transparent > has high weight to strength ratio> high 
rigidity^ high impact resistance and a high chemical resistance. 
For the vehicle to maintain its upright position at ^est^ the 
distribution of weight must be uniform. Thie rear of the hull that 
is the back cover is also made of the same material. The hull has 
a manhole to facilitate easy assembly and di s-assembl y of the 
components . 

Thie front cover is not str eaird i ned since it would have acted 
as a lens affecting observation. The back cover is given a 
cylindrical shape so as to reduce turbulence i ri the wake regiori. 

The bolt hole sealing is achieved by use of o-rings around 
each hole and a copper washer as shown iri Fig. 2.2 Cal. Ttie 
copper washers for the bolt holes of front and back cover can be 
substituted by washers of softer material. 



aa 


a. 3. 2 Thrus't^r Assembly 

Th^ Ihruft-t^r aafi^mbly And IhA propeller 
conrigur Ation ia ahown in Fig. a. a £a}> C b3 And Ccl.ThA dAt^Aila or 
the thruater Aaaembly ia given in Fig, 6 to Fig. 11 i nApp>endi x- 
A The vehicle ia etq[uipped with two horizontAl acrew prop^ellera 
providing thruat tor motion in the TorwArd And reverae direction 
And the yAw couple tor left or right heeding chengea. A third 
degree of freedom in the up or down direction ia provided by a 
acrew pro|>eller Acting Along the vertical Axia.The propeller 
apecificAtiona ere given in Teble 1 in Appendix- B. The propeller 
ia driven by a D. C aervo motor* the apeci f i cAtiona of which Are 
given in Teble a in Appendix B. D. C aervo motor a provide excellent 
apeed regulAtion* And high torque And therefore they Are ideAlly 
auited for control ApplicAtiona. The motors selected Are of the 
YeakAWA mAke It ia a amooth core Armeture type aervo motor 
conaiating of a hoi low* cup ahAped ArmAture And permenent megneta 
of aAlient p>ole construction. The motor is flAnge mounted with 
totAlly equipped self cooled enclosure. The apeed of the 

motor is controlled by the menipulAtion of the D. C. motor 
voltage. The motor will draw whatever current is required to 
overcome the torque. The feedback of the motor speed is through a 
D. C tachometer. A magnetic brake is used for braking# The 

operator has to guide the vehicle by using twin axis Joy sticks. 
The block diagram showing the control elements ia given in 


Fig. a. 3. 
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^ To Propel lor 

I 

CCort-troller - rAynplifier s |ServoMO*tor ^ ^ TecHogenereCor ' 

f— it- . * . I ; -.. - , , - i 

< i 

f 

- K 

S ^ 

Fig. 3. 3 Elenenls of Control loop. 

3.3.3 Cemere Assembly 

The submersible is provided with a C. C. D camera for 
observation^ mounted on a pan and tilt mechanism. The camera is 
of the Pul nix make^ the sp>ecifi cations of which are given in 
Table-‘3 in App>endix- B. The camera has a high resolution 
C3BO M 3BO lines3 »is light in weight CO. 7 Kg !> » and it can 
op»erate with a minimum illumination of 3 Lux . 

The camera is mounted on a pan and tilt mechanism. The 
proposed design for the mechanism is shown in Fig. 3. 4 and the 
parts list is given Table - 3.4. The details of the 

componentsis given in Fig. 13 to Fig. 17 attached in ^ 3 p>endix— A 
.The pan and tilt mechanism specifications are given in Table - 4 
in Append! x-B. Two stepper motors provide the 3 degrees of 
freedom! n the horizontal and the vertical axis. Stepper motors are 
used since the torque required is small and the motors will 
provide motion in steps for indexing the camera through the 
required angle. The available freedom in pan motion C vertical 






a5 


J ConporwiYt < I S^>*c:if"icAlion ^Mo. Fig Mo 


Camera 


: Table - 3 in 
i App>eridi x - B 


3 j Camera base ; A1 Alloy 


3a : Bracket f or 2 : AI Alloy 


Mount! ng 


Bracket for 2 I 


: Al Alloy 


4 t 


Al 1 en Bol ts ^ 


; For 2 4. 3a 


M B M 1 . 25 


Bolts for 3ai.b 


‘ M S M 1.0 


SMA 


Shaft 
EIxtensi on 


Al Alloy 


7M5 


< Deep Groove 
^ Bal 1 bear i ngs 


B t Allen Screws 


, M 6 « 1.0 


' Q&i Q Stepper Motor s ^ 


Table-4 in 
I App^endix- B 


11 'Revolving Base : Al Alloy 


Allen Screw f or [ 
; 11 


j M B M 1.25 
■ 1 = 15 


Allen Screw for 
11 


H & ^ 1.25 
^ 1 = 25 


IS ^Bearing Housing^ Al Alloy 


> Allen Screw for 
16 


^ M B 1.25 


1 B Fi xed Base Al Al 1 oy ^ 


$ 20 ; Circlips 


i.d = 20 



Mo 


Component, 


Material ‘ S^>eclfl cation No. Of f Fig 


SI 


lO 


Key 


Back Cover 


t = S 
w = S 


Rel nf or ced 
Plastic 


Std 

t 

3 in 
'App - 


Table S. 4 


Parts List for Pan and Tilt Mechanism 
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a.>d.cl) ifi; ISO^ whil* ’thAt, in Chorizont,*! aL>daI> is 270^. Thi<& 

motor Bp€^ei f'i ofliti ons &r& gi v«rn in Table? - B in Appefndix - B. 

Tlie? camera is so mounted that it^s centra and the mechanism 
centre coincide. The pan and tilt mechanism is p>ositioned in the 
hull^ such that the hull centreline and the mechanism centreline 
coincide as showra in Fig 2.2 [al and Cbl. Tlie j>osition of the 
camera can be read from position encoders calibrated to give 
direct reading^with the vehicle centreline acting as the 

reference line.Thie camera is guided by the operator using a Joy 
stick . 


2. 3. 4r Lights Assembly 

Thie subrrter si ble is provided with two high 
intensity^ underwater incandescent lights of lOO W capacity and a 
average life of 200 hr. Together the lights will enable taking 
images up to a distance of 4 m from the camera. Tlie lights are 
small in size> simple and start i nstantaneousT y. The specifications 
of the lights are given in Table - 8 in Appendix - B. TTie lights 
are mounted on the outside of the hull to facilitate easy ren\oval . 
They are offset to the line of sight of the camera so that 
scattering of light within the volume of water common to both the 
illuminating and the sensing systems is eliminated. This will give 

C 2^3 

a better quality of image at long di stances . 

2.3.5 Cable and the Cable Winch Assembly 

The power and signal transmission to the 
submersible is via a cable which is wound on a winch placed 
at the surface. TTie typical cable consists of a centre core of 






: No Coinpon^nt 

' i 

I ' ^ r 

1 I Fixipd Bracket ; A1 Alloy 


MfttoriAl ^ S^pocif IcAtion MomOtt^ Fig 


18 


No 


2^ I Pin 


^ A1 Alloy 


21 


Washer 


i.d == 20 


Std 


Connectror 

i 

5 ^ ; Bracket, f^or 

: ; cabl e 

i ■ \ ' ■ ■ ' '■ 

' 8 : U- Clip 

S ; Bolis Tor 1 

f 

i lO l O ring for < 


A1 A1 1 oy 

i 

T 

; A1 Alloy 

t 

i 

A1 Alloy 


^ 11 


Washer 


J N IS M 1.5 

i.d = 2S 
^ c/s 4^ = 4 

V 

‘ i.d = 17 


19 


ao 


aa 


std 


Std 


Std 


Table .2 5 


Parts List of Coupling 
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eonduelorc^ an insulating jack^t»an electric or magnartic shields a 
proterctive armor and an outside aa\r&r made of rubber or 

C i55 

ther mopi asti es . Tlie cable di anrieter will be about 30 mirt . 

Tlie cable is connected at the rear end of the vehicle on the 
back cover through a coupling giving two degrees of freedom. The 
coupling assembly drawings are showri in Fig. 2. with the parts 
list given in Table - 2.5 and the parts drawings are showri in 
Fig. 13 to 22 in Apperidi x - A . Tlie cable enters the hull arid all 
the electrical connections can be made on the panel board 
mounted i n the hul 1 . 

The proposed design of the cable winch is shown in Fig.2.S 
and Fig. 2. 7. Fig. 2. 6 is the sketch of the cable winch while 
Fig. 2. 7 is the assembly drawing. Table. 2. B is the parts list for 
the cable winch . The detail drawings are given in Fig. 23 to 
Fig. 27 in Appendix ~ A . 

Tlie cable is stored on the drum of a diameter around 300 nfmi. 
The diameter of the drum should be more or equal to eight tiir*es 

t i !S 3 

that of the cable dian^eter. One end of the cable passes over a 

pulley .The pulley is provided so that the cable does not touch 
the sides of the tank. Tlie other end of the cable is taken out 
through the centre of the drum. Tlie cable has to pass through slip 
rings before it is connected to the control console. 

Tlie cable drum is driven by a D. C motor so that the vehicle 
does not have to pull the cable. As the vehicle moves away f r cji. 
the cable the motor drives the drum so that the tension never 
exceeds a preset value which may be 10 N. A drop in cable tension 
results in cable overhang increasing the probability of cable 
fouling. The motor may stop releasing the cable at an tensiori 






33 


Hci 


Component Mater-iAl } action 'No. Off’ J Fig No 


^ 1 ^ Winch base 


3 


E>r-urjfi 


M. S 


M. S 


I 


23 


2<4 


Pul i ey 


M. S 


2S 


Bush 


I Phosph«pr 
i Br-onz* 


20 


i Sa-iAft 


A1 1 oy 


Circlip 


^ E>ctornAl 
■ i . d = 40 


4 


Ztd 


'i A1 1 on £c r o w 
f or 4 


Ml 0*1. 25 ’ 4.4*2 


Std I 


Tabl e . 2 . 7 


Parts list for Cable Winch 
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val ue of ar ound 5 N 

the vehicle is moving towards the pulley the motor- 
rotates in opposite direction winding the cable. In this case a 
lower tension in the cable is detrimental t refer to 
secti on~6. 2. 31) » and the motor starts winding the cable at the 
lower value of 5 N and stops at lO N. 

Tlie motor speed for forward motion may be set at 60 rpm so 
that more cable is released than required* to keep the tension in 
the cable to a minimum. Ori the other harid the motor speed for 
reverse motion may be 50 rpm so that the cable taken up is less 
than the required lerigth and there is some overhang in it. Tlie 
torque rating of the motors may be 7.5 Nm with a p>ower capacity of 
50 W. 


2* 3. 6 Navigation Instruments 

Thie navigation aids for assisting the pilot along 
with the camera are the* magnetic conripass to give remote 
reading of the vehicle heading* pressure transducer giving 
depth information* read by the operator from a digital meter and 
echo sounders for obstacle avoidance. The camera aids the 
operator in knowing where his vehicle is with reference to the tank 
wails or with reference to the racks which are numbered, Tlie 
magnetic compass enables the operator to guide his vehicle in the 
desired direction. TTie echo sounders aid obstacle avoidance by 
giving signals when the vehicle nears the object. The vehicle can 
be conveniently maneuvered using these simple sensors. Further- 
sophistication *if required *can be provided by using acoustic 
sensors to give the x*y*z coordiriates of the vehicle. The vehicle 



can also be equipped with velocity sensors it necessary. 

S.3. 7 Radiation Detection Device 

The submersible is provided with a Geiger — Mueller 
detector Tor measurement of" radioactivity level in the tank. The 


detector 

will 

give the total radiation 

1 evel . 

The detector 

gives 

the r adi at i on 

in a digital Torm 

as 

no oT 

counts in a 

time 

period. It 

is 

used si nee it is 

sui tabl e 

Tor any type oT 

radi at ion 

. In 

addition» it has a large 

output 

pul se and has 

a 


r ugged cons t r uc t i on . 
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Chapter III 

STEADY STATE FORCE ANALYSIS 


3-1 Introduction 

To dot or mi no whothor tho submorsiblo is cop>A.blo at 
moving a.t a roquirod volocity in a. sppocif’iod di root ion* 
maintaining it^s * upright F>osition* it is noeossary to invostigato 
tho forces which will act on it. The following sections determine 
the equilibrium conditions for tho vehicle moving with a steady 
velocity and when it is at rest. Although steady motion of a 
marine vehicle is an ideal situation which cannot be achieved in 
practice* the simplification has been made owing to the complex 
behavior of tho flow about tho vehicle. 

3.3 Terminology 

S!ome commonly used terms for submersibles are defined 
below with reference to Fig 3.1 i 

a] Surge : Motion of the vehicle along the X-axis which extends 

from the bow to the stern* lying in the principal planes of 
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•Lr AnBv«»rB<^ and varlical aymmat^ry. 

b3 Sidla : Motion of tha vehicle along the Y - axis which is 
p>erp>endicular to the X-axis and lies in the principal plane of 
transverse symmetry. 

cl Heave Motion of the vehicle along the Z — axi s » mutual 1 y 
perpendicular to the X and Y axis. 

cl Roll : Rotation of the vehicle about the X — axis . 
dl Pitch : Rotation of submersible about the Y - axis . 
el Yaw Rotation about the Z - axis 

3 Forces Acting on the Submersible at Rest 

Consider a stationary»axi symmetric submersible with 
the longitudinal section shown in a fluid of infinite extent which 
is at rest. The submersible is acted upon by two forces; the 
buoyant force CFaD resulting from the distribution of 

static pressure over the surface of the vehicle and the weight 
CWDof the submersible. The equilibrium condition with refer nee to 
Fig. 3.2 is : 

W * Fa .C3.1> 

Since weight and the buoyant force are the only forces acting 
on the vehicle* the centre of buoyancy CBI) should be vertically 
above the centre of gravity CGZ> . To study the effect of small 
angles of rotation we can rotate the vehicle about the horizontal 
axis. Consider the submersible represented in Fig 3.2. It is 
evident that if point B is above point G* a angular rotation 





produces a righting couple and a hydrostati cal 1 y stable system. By 
contrast the arrangement in Fig 3.B Cbl) shows that if B is below G 
then a snnall inclination has a tendency to increase, and so the 
vehicle is unstable. If the two pn^ints coincide then the system is 
neutrally stable. The distance GB is a measure of submarine 
hydrostatic stability for roll or pitch. 

^ Forces Acting on the Vebicle during Steady State Motion 

3. A. 1 Sur ge Motion 

Supp>ose the designed submersible moves in the 
forward direction at an steady velocity V by the application of 
propulsive forces Txi and Tx 2 by the two horizontal propellers CPd 
and PzD as shown in Fig. 3.3. The forces acting on the vehicle are 
also shown in the same figure along with the notations. The flow 
Flatter n about the vehicle can be assumed to be axi symmetric so 
that the forces normal to the direction of velocity resulting from 
any modification of pressure distribution will cancel out. The 
fluid dynamic force lift is therefore zero and only the buoyant 
force acts on the vehicle, which remains constant. The vehicle is 
subjected to a drag force and Dxzl) and the cable forces Ctcx, 

tcy, tcacD . The expressions for calculating these forces is given 
in chapter - A and the last chapter verifies if the conditions are 
satisfied or not. 

For the vehicle to be in equilibrium , the sum of the forces 
and the moments in all directions should be zero. The equilibrium 
conditions are written using this criterion and with the 
assumption that vehicle is neutrally buoyant and is pyositively 
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si able' under Ihe aclion of hydrosalalic forces. 


£ Fk ■ Txd 4 Txa • Dxi - Dxa - Icx « O • « • C 3» 

Z Fy ■ ley • O C3. 33 

E Fz • tc* - Tz ■ O ......................... C3. 43 

£ Mx » O ...... ............................ C3. 63 

E My ■ tcm ♦ L^.O 4 Dxa 4 c *0 ........ ....C3. 63 

£ Mz ■ ley 4 O - b 4 C Txa - Txa3 = 0..,.,.,,....C3«73 

3. 4. 3 Heave Molion 

Fig 3.4 shows the forces acting on the vehicle 

moving in the vertical dircfction under the action of a propulsive 

force Tz appliefd by the prop>eller Pa. The vehicle is subjected to 
a vertical drag force C E>z3 and the cable forces C tcx> tcy » tc*3 . 
The equlibrium conditions can be written referring to Fig 3.4. 

£ Fx ■ Txa 4 Txa - tcx « O ............... C 3. 83 

E Fy « toy ■ O ....... C3. 03 

E Fz » Tz - tea - Dz ■ O ............... C3. 103 

E Mx - O ....................................... .C3. 113 

E My ■ tea 4 L-/2. 0 -O ................ ....C3. 133 

E Mz • CTxa - Tx 23 4 b ■ O C3. 133 

3.6 Conclusions 

The forces acting 4n the vehicle have been 
identified and the equilbrium conditions have been establish€fd. 
The next chapter deals with the methodology to calculate the above 
forces. Chapter- 6 provides the force calculations and Chapter— 7 
investigates the equlibrium conditions. 



HEAVE MOTION 
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Chapter IV 

METHODOLOGY FOR FORCE CALCULATIONS 


4 » 1 Introduction 

In tho provioua ohaptor tho forcos aetlng on the 
vehicle have been identified. This chapter establishes the 
expressions and the method followed to calculate these forc€^.The 
calculations of the forces are presented in section 6.2. The 
following are the notations used for force calculations : 

A : Projected Area of the vehicle p>er F>end i cular to 

the direction of motion. 

Cd : Normal drag coefficient. 

Ct Tangential skin friction drag coefficient. 

D : Drag force on the vehicle C N D. 

Df Normal pressure drag on the cable C N . 

Dt : Tangential skin friction drag on the cable CNZ>. 

Fb Buoyant Force on the vehicle. C N !) 

F : External Force such as drag forces and 

buoyancy forces acting on the cable. CM/mZ) 

1 : Total length of cable C m 

Dir€fction cosines at any point on cable. 


l>m»n : 
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r 


s 

t 


t/CK » t<Cy : 
& *tcs 


U 


P 

A 


Pod -Lion voct^or of" any poi nl on tho CAbl^ 

C X. i + y. J + z. k 3 

CAbl«t l^^ng'th at, a point, wit,h p>osiit,ion v«::t,or r. 
t,otal tension in the cable C >4 Z> . 

Component of tension t in the x>y»z 
coor di nates 

Velocity vector Tor the cable 
Ux. i + Uy. J + Uz. k 
Density of the fluid C Kg/m* D 
Di spl aced vol ume C 


4 . 2 Expression for Calculating Hydrostatic Forces 

The hydrostatic forces acting on the vehicle 
are the buoyant force and the weight. The weight of the vehicle 
can be calculated by adding the weight of the vehicle 
comp>onents. The buoyant force is given by the expression : 


Fb ■ p g 4 A 


C4. 1> 


4.3 Expression for Calculating Drag Force 


The vehicle is subjected to a drag force p>arallel 
to the direction of velocity resulting from the distribution of 
shear stress over the vehicle surface. The drag of non lifting 
bodies is composed of two parts ; the form drag or the pressure 
drag and the skin friction drag. The form drag is the resultant 
stream wise component of fluid pressure forces over the body 
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SiUrf^Ao^^^ whilo th^ skin fric-Lion drag is ih«p resultant of shearing 
si. r esses. 

The drag of bluff bodies Cnon streamlined I) is primarily due 
to form drag» since boundary layer separation produces large 
wake. On the other hand a streamlined body is so shap>ed that it 
does not e>qpjerience large» adverse pressure gradients. The wake is 
small and the skin friction drag is the predominant drag force. 

2Since the vehicle is a bluff body the drag force is 
calculated by the fundamental law given by the e>cpressi on ^ ^ : 

Da0.5^p4.Cd^A^V^ ..C4. 

4« 4 Cable Porces 

4. 4. 1 Dr ag Force on cable 

Consider the free body diagram of the cable given 
in fig 4.1. The cable is subjected to the following forces ; the 
tension at the two ends of the cable CTd and TaD » the weight CWcD > 
the buoyant forces CFc^D and the drag forces CDp and Df^ due to 
the velocity of the cable. 

The drag force on a element of a cable of length dl * moving 

with a velocity U and making an angle 0 with the horizontal is 

. c 4e3 

given as : 


Dp 


0. 5 4 p # Cd 4 d 4 sin^O 
0. 5 4 p 4 Ct 4 d 4 cos^& 


C4. 3:> 


Df 


C 4. 4> 
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Thiese expressions are for a cable moving in “the same plane as 
that of the direction of motion. Similar expression can be wr-itten 
for a problem as ^ ^ ^ : 

^ ^ ^ ^ r dr 

Dp » Fo ^ I U - ? ¥ • - j ^ C 4. 5> 

I V d s ^ d s : 

wher e 

r- ^ 2-1 4,/^ 2 

^ ^ d r* i " 

Fo - O.G ^ p ^ Cd ^ d I U* - » U . i f C 4,. 6.) 

1 I d s j j 

^ r 

Df - O. B 4- ^ 4. Ct d ♦ ^ ^ " ...... C-t.7> 

•* U • 

I d s J d s 

Substituting U = Ux i + Uy j + Uz k and 

.•s, 

d r 

= li+mj+nk 

d s 

in equation 4. 5> 4. and 4.7 they can be wr itten as : 

.A. 

Dp * Fo [ C Ux^ Uy^ Uz ^-<11. Ux 4 nu Uy 4 n« Uz ->«C ] 

............... C4. a:> 

l.-"2 

Fo « 0. 5 # p # d ^ Cd j CUx^Uy, Uz5“ - Cl.Ux + m. Uy + n. Uz3 

u 

CA. Q'J 

r 2 "^ 

Df « 0 . 5 4 p 4 d 4 Ct 4 jCl«Ux 4 m. Uy 4 n. Uz 3 5 C l^n^n I> 


<14. lOj 
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-4.* 1 C^ail>X<ip Tondori 

In ord^-r t/O caLleulat.€? t,h€r drag f'orcM&s and 'the 
tension in the cable it is essential to know the cable 
configuration. The equilibrium condition for the cable is given by 
the equation : 


d [ 


t d r^d fi ] 


d s 


4 F 


O 


C4.. ll'J 


The equation given above is valid for the following 
assumptions : 

a] Cable stretching is neglected. Elongation of the cable is 
significant at long scopMS-s The length of the cable for this 
problem is limited to iriaxi mum of SB m > so the assumption is 
Justified. 

b] Inertial forces are neglected. 

cl The cable is assumed to be subjected to only normal drag 
forces. The tangential drag force is significant only at long 
scopes. The ratio of normal drag coefficient to tangential drag 
coefficient is normally taken as O. OS .In comparison to the 

magnitude of the normal drag force the magnitude of tangential 
drag force is very small . 

dl The cable is assumed to be neutrally buoyant . 

el Cable stiffness is neglected. It is assumed that cable cannot 
support any bending laoments. 

Equation C1I> can be rewritten as : 
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t 

1 

■ 

d r 

4 t . 

d 

s 

d^s 

d^s 


4 F 


O 


C4.. 
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Dot, product, or ^quAt.ion with d r/d s giv^st thfi* ^quAtion : 


d r 
d fi 


d t ^ d r 

- F. ....... ............. C 4. 1 

d fi d fi 

>w * * S 

.A S 

^ ft dCd rxd »> d r d r 

1 I Cd r/d »> « 1 I - ■ O I . * ' ■ 0| ^ 

ds d s d s 


Substituting equation C4.13:) in equation C4.ia“J : 


t 


ft 

d r 


d fi 


^ ^ ^ dr'^^dr 

F - F . 

l d . jf d B 


C4.14.:> 


The R. H. S. of equation 4.13 and 4.14 is the tangential drag 
force C Dt Z> and the normal drag force C Dp Z> resp>ecti vely. 
Replacing the R. H. S of these equation with the expression for the 
tangential force and the normal force with the assumption that the 
tangential force is zero the equations can be written as : 


d t 
d fi 


O 


C4.14:> 


ft 

d r 

t - ■ Fo [ C Uk, Uy^ Uz:> - C l.Ux^m. lly 4n. Uz3 C ] 

d B* 


C4. 1S> 
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Equai-tion 4.15 ca.n s^paLrated in-to its component form es 


d 1 
d fi 

d m 
d s 

d n 
d s 


Fo 


^ ft 

. Ux C 1- I > - l.m.Uy - I.n-Uz ^ 




Fo 

t 


5 Uy C 1-m ) Ux - rL« Ifz 


,C4-17*J 


Fo ^ 

' Ux C 1- n* ^ - I*n«Ux - rv. Uz ^ 

t ^ J 


To solve these equations we need three boundary conditions 

and the tension t in the cable. Since the only conditions known 

are the prosit ion coordinates of the two end p>oints or the cable* 

the equations should be written in x*y *2 coordinates instead oT 

being Tor the direction cosines. These equations can be obtained 

by making the Toll owing substitutions : 

d X ^ y d z 

■ 1 ^ ■ m I ■ n I 

d s d s d s 

Thus we have a system oT six coupled single order ordinary 
diTferential equations which can be solved by Runge - Kutta scheme 
using the boundary conditions : 


At s=0; x = 0> y = 0*2 = 0 CAt vehicle end!) 

s=L; x = X* y = Y*2 = 2 CAt pulley end 3 


Since the tension t and the length L oT the cable are unknown 
quantities the equations were solved Toll owing the procedure given 


below : 



B1 

Assume ■to'tAl 'tension in 'th«F . 

bl Assume coK^x^inen-ts of tension tox>tcy»tcK in the x,.y*z 
direction respectively et the vehicle end of the cable C0»0»0I> . 
Using these l*m»n can be obtained . 

cl The equations 4.16 to 4.18 can then be solved using the Runge 
Kutta scheme. The scheme is terminated at a point where the 2 
co-ordinate at s = 1 is the required Z coordinate of the cable 
dr um/pul 1 ey . 

dl At s = 1 the X and the y coordinates of the cable should be 
the required position coordinate CX»Y»ZZ> of the pulley, 
el The procedure is repeated from steps b to d till the desired 
coordinates of the pulley are obtained. 

Hence the only assumption made is the total tension in the 
cables while all the other quantities are decided by the iterative 
procedure. The equations can be solved for different p>ositions of 
the vehicle for different values of total tension giving the 
shape the cable will take and the magnitude of the three forces 
tcx>tcy>and tc* which will act on the vehicle. 
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Chapter V 

GUIDELINES FOR SH FCTION OF PROPULSION SYSTEM 


5. 1 Introduction 

Tho propulsion system is the most important system of the designed 
submersible. This chapter provides the reasons for selection of 
screw prop>ellers as a propulsive device. The comparison of vehicle 
power requirement depending on the prop>eller configuration is 
given in the next section. The procedure followed to select the 
propeller and the relationships to be used have been identified. 
The method to verify the selection of the propeller is also 
provided at the end of this chapter. 

5.2 Propul sors 

A simple example of a propulsive system can be 
seen when a body rises or falls in a fluid owing to the inequality 
of weight and buoyancy . However for horizontal motion where 
gravitational forces do not take any direct part it is necessary 
to attach some form of propulsor supplied with erter-gy from a prime 
mover. The propulsor is that part of the system which is in 



contract, wi*th -th^t fluid and a forca on it, in a way» such 

-that, the reaction force urges the vehicle to move forward. The 
chief difference betwcsen marine animals and the vehicle lies in 
the non ~ rigidity of the body of animals. Mature infers that 
there is no unique method of propulsion and so it is p>erhaj>s not 
surprising that in technology numerous propulsors exist. These are 
summarized briefly in order to aid in the selection of the system. 

B* 2. 1 A Review of Propxilsor^ 

The oldest man made propulsors are the paddle or 
oar and wind generated thrust. Jet propulsion is the third type of 
propulsion system dating as far back as 1681 .The jet engine 
operates by transferring energy to the fluid entering the engine 
so as to increase the momentum flux of the fluid. The reaction to 
the increase of momentum flux provides the propulsive thrust 
exerted on the engine giving rise to motion. 

The screw propeller was first used on a large ship by Brunei 
for the <^eat Britain in 1645 and has since remainepd most common 
method for ship propulsion. The present day screw propeller 
consists of 2- 20 but generally 3-7 blades of hydrofoil section 
mounted symmetrically on a boss fixed to a shaft. Relative motion 
between the blades and the fluid results from forward motion of 
the vehicle and the rotation of the proi:>eller. As the surface of 
each blade lies on a helicoid generated about the shaft axis» this 
combined motion can be likened to that of a screw. The propeller 
shaft passes through glands and seals into the hull before being 
connected to the prime mover which may be steam or nuclear power 
plant * diesel engine or electric motors. 



In m&ny scr^w prop4^^11«pr is surrounded b>y e duc'L. 

There ere “two principel verient-s at "the due “Led prop>ellers ; 'the 
pump Jet end the kurt nozzle. The pump Jet consists of^ e roteting 
Impeller with fixed guide venes Cstetor!) end the whole unit is 
enclosed in e short duct concentric with the impeller. The kurt 
nozzle on the other hend hes e exi symmetric duct with e hydrofoil 
««Kition in the longitudinel direction. 

B. ^ Selection of Propul sor 

To echieve steedy motion of e merine vehicle over e 
renge of speeds the propul sor should fce cepeble of providing e net 
forwerd» steady* continuous thrust which cen be easily varied in 
magnitude and direction. The paddle wheel* though a efficient means 
for propulsion requires very low speed engines* has large weight 
and is susceptible to damage. The hydraulic Jet has a very low 
efficiency at low vehicle speeds^.^ The screw propeller is simple* 
reliable and a efficient means for propulsion. About 60 - 65 

pewer available at the shaft can be converted by the propeller for 
useful propulsion purposes. Thrust produced by screw prop>eller is 
continuous* steady* reversible and easily controllable by 
adjustment of shaft angular sj>eed or the angular setting of the 
blade. The pump Jet and kurt nozzle are exp>ensive and difficult to 
Install. Though thrust producing capacity in forward direction is 
higher by 40 ^ compared to that of a similar screw propeller the 
astern thrust producing capacity is under mi ned'"*.^ The screw 
propeller is the common choice as a propulsive device for the 


submersible . 
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5. 3 Sel^ct/lon of" Pr-opollor Conf"±gfur A'Lion 

To ha VO f>osition con-trol in a singlo dogroo of^ 
Troodom^ i't must, bo p^ossible t.o develop eit^her a Torce or a couple 
of controllable direction and magnitude in a single plane. The 
submersible should have three degrees of freedom to reach a point 
in space. 

The three degrees of freedom can be achieved by using one 
propeller * the axis of which can be rotated to give motion along 
the three directions or by using two propellers ; one fixed to 
provide thrust for heave and the other prop?eller whose axis can be 
rotated in the horizontal plane to provide the thrust for surge and 
sidle. The third combination is that of three prop^ellers with 
axis which cannot be rotated » providing the three degree of 
freedoms. 

To rotate the axis of prop^eller the entire motor -proppel ler 
assembly has to be rotated. This will increase the sealing 
prolblAms for t.h>* nnot-or aIacLtIc cortrittcLi ons f’rom 

hull lo "the mot-or have to pass through slip ring assemblies. Since 
reliability of the system is important a simple arrangement is 
required with minimum of eompionents. the 3 degree of freedoms are 
provided by using 3 propellers with fixed axis. 

The three propellers can be placed in 3 different pesitions 
as shown in S. 1 . In Fig S. i Cal the propellers are placed along 
each axis. They produce forces for surge, sidle and heave. Fig S. 1 
[b] shows two propellers CPi and PaD placed in the horizontal 
plane at 45^ providing surge and sidle motion while the third 





Fig 5;i 


Propeller Configuration 



S7 


propel l^r C Pa > > Tix^d along ’Lha 2 — axis provid^fS haFava^. In "Lh^ 
t/Kird cas^ as shown in Fig B. 1 Cc3 t^h& “Lwo prop^ll^^rs ar& plaoaKi 
in 'the horizon’tal planaF» ona aach a^t ’Lh& port/ and st^arb^oard sidtt 
providing surge and yaw motion while the third propeller C Pa:> 
provides heave Torce. 

Consider the power requirement in each of^ the three 
described above. For producing a thrust of ICO N at a velocity of 
1 m /sec the shaft horsep>ower is in the range of 2B0 W assuming a 
prop>eller efficiency of 0.-4 . The total p>ower requirement for each 
configuration is 750 W , SOO W and 500 W respectively. 

The vehicle with a propeller conf iguration shown in Fig. 5.1 
[cl>has better maneuverability since any change in direction of 
vehicle can be corrected by the two horizontal propellers. This 
consideration favours the choice of configuration 3 shown in Fig. 
5.1 tc3 for the submersible. 

5.41 Selection of Propeller Parameters 

The propeller selection is usually based on 
established series using data from water tunnel tests. A detailed 
design of the propeller requires an analysis of hydrofoil section 
performance followed by optimum stacking of sections to form the 
blade geometry. The present work is limited to finding the optimum 
propeller diameter > efficiency* advance coefficient and the pitch 
to diameter ratio along with the speed and pever ratings for the 


motor . 
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Glossar y of Tor me 


Boforo pr ocooding it ia necossary to define certain 

c ti 

coittmonl y used terms related to prop>eller selection 
al E>eveloped Blade Area C AdD : 

thie sum of tbte face area of all tHe bplades. 
bl Projected Blade Area C Ap:> : 

It is the projected area of the blades on to a plane 
normal to the propeller axis 
cl Disc Area C AoZ> : 

It is the area of the circle passing through the tiprs of 
the blades and normal to the propeller axis, 
dl Blade Area ratio C BAR3 

It is the ratio of the develop>ed blade area to the disc 

area 

el Expanded Blade Area C EBR D 

If the variation of helical chord length with the radius 
is known the true blade area can b>e obtained analytically by 
integration. This area is called the expanded blade area . 
fl Expanded Area Ratio C EAR D 

The ratio of expanded blade area to the disc area is 
called the expanded area ratio, 
gl Pitch Cpy : 

A helicoidal surface is generated by a line rotated 
about an axis normal to itself and advancing in the direction of 
the axis at constant speed. The distance the line advances in one 
complete revolution is termed as the pitch 
hi Analysis Pitch : 

The distance advanced by a propeller during one 



revolution when delivering no thrust is termed es analysis pitch. 
±1 Face Pitch Ratio : 

This is the ratio of the face pitch of the propeller and 

di ameter . 

J1 Slip 

When devel opi ng t hr ust the pr opel 1 er ad vance/r ev is 1 ess 
than the analysis pitch. The difference is termed as slip, 
hi Slip ratio : 

It is the ratio of slip to the analysis pitch. 

5* 4a 2! Notation 

V : Velocity of vehicle m/sec 
D : Diameter of prop>eller m 
n : angular SF>eed rps 
N : angular spewed rpm 
p : density of fluid kg/m* 
y, : dyna?nic viscosity 
p : prop>elIer pitch m 
T/ : efficiency 
ot : pitch ratio 

Bp : Taylor*^s basic coefficient 

Kt : Thrust Coefficient 

Kq : Torque Coefficient 

J : Advance Coefficient 

Rft : Reynold's Number 

Sri : Nominal Cavitation Number 


T 


Thrust N 
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Q Torque Nm 

P Shaf t p>ower W 

P “ Pr^saurife of" fluid t^o vAp>our pr^ssur^r. 

5. 3 Op^n wa-ter Tm&Is 

The behavior of the prop>eller is vita.1 to the 
p>erf orufiance of the vehicle. ConscK^uently > the desiqn and 

assessnnent of a marine propeller when attached to the vehicle must 
be substantiated by model tests. 

Suppx>se that a propeller is deeply immersed in a uniform^ 
homogeneous » steady ^ constant density flow approaching the 

propeller in a direction pwirallel to its axis of rotation. The 
thrust developed and the torque absorbed may be considered to 
depend on the axial velocity >diameter> angular speed » density ^ 
viscosity and the pressure of fluid relative to the vapeur 
pressure. 

The application of dimensional anal ysi s ^ ^ ^ to the preceding 
parameters show that : 

Kt = f C J * Re Sri D 
k<| = fC J> Re > Sti 

where 

T 

Kt - .................................. CB. i:> 

pmTt . D 

a 

ft rv® 

p. n • D 


Kq - 


C5. 2:> 
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J 


V 


n . D 


C5. 3> 


iU 


P .D . V 
P 


CB. -4:> 




p . 

O. B . p . V® 


CB, B> 


Propeller designs atre based on established series using data 
f'rom water tunnel tests and propeller theories. The results are 
generally presented in the form of Taylor ^s charts. The charts 
illustrate the relationship between opjen water efficiency » 
advance coefficient » pitch to diameter ratio^ and the delivered 
F>ower for propellers with different number of blades. A screw 
series is formed by a number of screw models of which only the 
pitch ratio is varied . Taylor ^s charts for a Wagenin B - series 
propellers for a four bladed propeller is shown in Fig 5.2 


B. Am A Procedure for Propeller Selection 

To investigate a series of propellers suitable for 
the submersible read for different valuesof Bp ► the 
corresponding values of J» ot and y) from Taylor^s charts. Using 
these values for a known value of power and velocity the spjeed 
diameter and pitch of the prop>eller can be computed using 
following relationships*^*^ : 

V* ' . Bp 

n * 

pO-S 


O.4108 
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V 

J • n 


C5. 7> 


ot • D 


C5. 83 


To c&lcula.'te "torque required and the thrust produced the 

torque coefficient end thrust coefficient should be known. 
These een be celculeted by using the following rel etionshi ps ' 




2 

Bp 


33. OSP 


C5. 0> 


Kt 


3 ■ fz . . Yf 
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With the coefficients celculeted elong with the diemeter end 
speed at which the propeller runs the thrust produced and the 
torque can be calculated using equations 5.1 and 5.2 . 

Hence for different values of Bp and shaft px^wer the 
propeller diameter , speeds pitch. thrust and torque can be 
calculated using the equation 5.3 to 5.10. Graphs of speed, 
thrust and efficiency versus the required propeller diameter can 
be drawn for different values of shaft power. 

A set of graphs to aid the selection of the propeller are 
shown in Fig 5.3 to 5.5. Fig 5.3 is a graph of propeller diameter 
vs the thrust requirement. The thrust obtained from a propeller 
increases if the diameter of the propeller is higher for the same 
shaft power . Higher the shaft power lower is the diameter of the 



prop*ll^r r<.quir*d to provide th^ thrust. From Fig B. 4 it ea.n 

hH& seen that it is moro efficient to use a propeller with a bigger 
diameter. Fig 5. B shows that lower the size of a propeller » higher 
is the speed*, eliminating the need of gear reduction. The torque 
requirement is also low resulting in a lighter propulsion system. 

For a submersible^ size and weight are two important 
consi der at i ons . Thie diameter of a propeller will play a stellar 
role in deciding the overall dimensions of the vehi cl e > ther for e it 
should be kept to a minimum. A propeller of bigger diameter runs 
at a lower speed k requiring means for sp>eed reduction addirig 
weight to the the system. TTiis undermines the advantage gained by 
using a low powered motor than that required to run a smaller 
propel 1 er . 

5. 4. B Procedure for Verification of Selected Propeller : 

The propeller is selected on the basis of maximum 
velocity V and supplied power. Since the vehicle may move at 
sp>eeds C v Z) lower than the maximum it is necessary to check if 
the propeller can provide the required thrust at that spjeedC vZ) . The 
following steps describe the method followed for the verification. 
The actual calcuations are given in section 6.3.I.S. 
al Select Bp for the propeller from Taylor *s chart. 

bl I>ie propeller selection procedure gives the pitch ratio of 
the propeller. At this value of ot read values of n amd J for 
the choosen value of Bp. 

cl Calculate Kt and Kq using equations B. 9 and B. lO. 



THRUST (N) 


65 


SELECTION OF PROPEL .1 FR PARAMtlERS 


200.00 



50.00 *1 riTiTTi i rT imTTTT i I T'f I i rm n l i t rr i i ii 

0.00 0.20 0.40 0.60 0.80 

DIAMETER (m) 

Fig. 5*3 • Graph of Propeller 
diameter vs thrust for various 
values of Input power. 
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Fig. 5.4 : Graph of oropeller 
diameter vs overall efficiency 
for various values of input 
power. 
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Fig. 5.5 : Graph of propeller 
diameter vs propeller sp^d 
for various values of input 
power. 



e& 

dl Cft.1 cul arigui a.r n using ^quAt-ion 5.6 . 

e] Calculate thrust using equation 5.1. 

f] Check if the thrust produced is the required thrust for- 

propelling the vehicle at velocity v. If it is not then select 
another combination of Bp and J ^ till the value of Bp 

satisfying the above requirement is arrived at. 

fl Calculate the power required using equation 5.6. 

g] Check if this is higher than the power supplied by the motor. 
It should be less than the p>ower supplied by the motor. C A higher- 
power is required only if the velocity of the vehicle is higher 


than that for which it was selected. 
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Chapter VI 


FORCE CALCULATIONS 


6.1 Introduction 

This chapter deals with the calculations of" the 
hydrostatic forces » drag Torces and the cable forces acting on the 
vehicle as seen in chapter - 3. The relationships established in 
chapter- 4 are used for the force estimation. 

6. 3 Drag Force Estimation 

The forces acting on the vehicle have been 
identified in Chapter -3 and the expressions or the methodology to 
calculate the forces has been established in Chapter —4. This 
section deals with the calculation of the hydrostatic forces and 
drag forces acting on the submersible^ assuming steady state 
motion. 

6.2.1 Hydrostatic Force Calculations 

The hydrostatic forces acting on the vehicle are 
the weight and the buoyant forces. The weight and the buoyant 
volume of the vehicle components is given in a tabular form in the 
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TA.bl ^ B. 1 . Th)& weight, of* Ih* v^fthi cl « wit/h it^s comp^oneri'ts is 
<Hqual to 1702 N while the buoyant force is 1775 N. The difference 
is taken care of by attaching a dead weight of 73 N for making the 
vehicle neutrally buoyant. 

6?. 2^m 2 Drag Force Calculations 

The expression for calculating the vehicle drag 
force is given in Section -4.3 as : 

D-O. C# A + V® ... ....... .C6. 

The values of density and the drag coefficients are taken as 
f ol 1 ows : 

(C = lOOO Kgy'm^ 

C = 1.0 , far a f'lat, surface, 

d 

Cd = 0.25 for a cylindrical or spherical body . 

The projected area for the vehicle in x direction motion 
consists of three parts; the area of the front cover CAc3,the area 
of the two motor covers CAmc3 and the area of the propeller shaft 
cover CAs3. The area for vertical motion consists of the area of 
the hull CAh3tand the motor assembly tAma3. The calculated areas 
are given below. The dimensions are taken from the Table -6.2 
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Table 6.2 Overall Dimensions of Comportenls Producing Drag 
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Th^ dr Ag rorcfe a.ct/ing on “Lhie f*or sp>^€Fds ra-nging i^rom 0.3 

m/s«c 1.0 1.0 ia givan in Fig 6.1 Tor horizontal and vertical 

motion . The drag force is a function of velocity square. For a 
velocity of 1 m/sec the drag force in the horizontal direction is 
7S N while that in the vertical direction is 3S5. 5 N 


Slample Calculation ; 

The sample calculation is given for a axial 
velocity of 1 m/sec in the horizontal and vertical motion . 

E>X 2 = Front Cover Drag + 2.0 » Motor Cover Drag 

= O. B « lOOO M CC 1.0 » O.IB »* l“ :> + 2.0 « C0.2B « 0.071 » 1®:? 
= 92. 75 N . 

I>>ca = SIKaft. Cover Drag 

= O. 5 » lOOO « O. 25 » 0.016 ** 1® 

= 2 N 

C)X = Dx4 + E>X2 

= 94.75 N 

rxz = Hull Drag + 2. 0 »* CMolor Assembly Drag !) 

= O. B ** lOOO » t Cl . O ** 0. 44 *f 1®5 + 2. 0 » C O. 25 » 0.142 » 1 5 


255.5 N 



DRAG (N) 


DRAG ON THE SUBMERSIBLE 


300.00 



VELOCmr ( m/sec) 

Rg. 6.1 Graph of axial velocity of 
vehicle vs the drag force. 
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3 Cikbl« Fore«r CaIcuI Abiomt 

Th^ ^^qua-tions f'or binding "the 't^nssion in t,he eabl«> 

^sbabl i sh«pd in S^cbion — 4. 4.1. To sboIv* a^quabions it, isB 

napctirssary t,o know t,ba valooit,y oT cabl<^. Tha* ava^rago valooit,y 

of t,ha cable is assumed t,o be half the vehicle velocity since one 

end of the cable moves at vehicle velocity while other moves is 

pivoted on a pulley. 

The profile taken by the cable will change if the total 
tension in the cable^for the same vehicle velocity Cl m/secD is 
varied as shown by the Fig 6.2. A change in the p>osition of the 
vehicle will alter the cable configuration and the force 
components. To study the shap>e taken by the cable and the forces 
it will exert on the vehicle^ the equations were solved for 
several different p>ositions of the vehicle. For solving the 
equations the vehicle coordinates were taken as CO» 0Z> as 

explained in section 4.4.1 and the coordinates of the pulley end 

were CX» Z 2> . To draw the graphs such that the pulley end of 

the cable is same for any pw^isition of the vehiclei. the axis was 
shifted so that the pulley end has coordinates C 0»0>0 ^ and the 
vehicle end has coordinates C -X* -Y » -Z D. The total tension is 
kept constant at a value of lO N. The following cases of vehicle 
moving in different directions were investigated : 

al Velocity only in the X di recti on » forward Cie. negative 
velocity 3 and reverse Cie. px^itive velocity^. 

bl Velocity only in the Z direction. Up Cie. positive velocity)end 
down C ie. negative velocity D . 

cl Equal velocity in the X and Y direction, forward or reverse. 
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Tablfe 6.3 . giv<&s the component of the cable tension in the 
x^y »2 direction at the vehicle end of* the cable Tor extreme 

p>ositions of" the vehicle in the tank. The resp>ective cable 
profiles are depicted in Fig 6.3 to Fig 6.7 . The following 

observations can be drawn from the graphs and the table : 
al Fig 6.3 shows the profile taken by the cable when the 
vehicle moves with a negative velocity or away from the pulley. As 
the vehicle moves further the tension in the X - direction 
incr eases > resulting in excess thrust requirement. The slack in 
the cable increases. 

bl From Fig 6.-4 it can be seen that as the submersible moves 
towards the pulley or with a pjositive velocity> the overhang or 
slack in the cable increases. At the extreme end* away from the 
pulley C X = -12m; Z = -12 »m^ the cable is practically 

vertical meaning the force in the X - direction is zero. As the 
vehicle moves towards the pulley^ the force in the X — direction 

increases. If the tension in the cable is higher C 25 M D the 

cable profile is such so as to actually assist the motion in the X 
— direction C refer to Fig. 6.3I>. At lesser depths C2 = — A nO the 
X — component of the cable tension is in the direction of motion. 
c] Consider the graph shown in Fig 6.5 Cal for a vehicle moving 
in the positive 2 - direction. As the depth of the vehicle 
increases the overhang in the cable decreases and the 2 - 

comp>onent of the tension ie. the force opposing the motion^ 
decreases in magnitude. If the tension in the cable was higher 
than lO N C resulting in a relatively taut conf iguration> » the 
direction of the 2 - component force will be the same as the 


veh i c 1 e dir ec t i on . 
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Fig 6.5 Cb3 chowst Ihe prof'ile- of the ceble in the Y—2 pl&ne. 
Afi^ the vehicle moves upwards the tension in the Y - direction 
decreases since the cable slack increases. 

dl Fig 6.6 Ca3 and [b3 show the cable configuration in the X-Z 
and Y-Z plane respective! y» when the vehicle is moving in the 
downward direction. As the submersible moves deeper the force in 
the Z — direction increases resulting in higher thrust 
requirement. If the vehicle is away from the pulley end C X = 
•“12; Z = -lOD the cable is slack and the force in the Z direction 
is less than that to when the vehicle is closer to the pulley. In 
the Y-Z plane Increase in the vehicle depth reduces the force in 
the Y - direction. 

el Fig 6.7 Ca3 and Cb3 represent the cable profiles in the X-Z 
plane and the Y-Z plane respH&cti vel y for a vehicle moving with 
equal velocity in both X and Y direction or at -45* to the X or Y 
axis. As the vehicle moves towards or away from the pulley the 
direction of the forces in X or Y direction is to oppose the 
motion of the vehicle. 

In conclusion of the above discussion the following points 
can be stated regarding the cable tension. 

a] The force which the vehicle is subjected to will change in 
direction with change in p>osition of the vehicle. The force in the 
direction of motion will vary from O - 9 N depending on the 

position of the vehicle. For any further calculations the maximum 
value of the cable force will be taken as iO N in any direction, 
bl When the cable moves away from the pulley or with a negative 
velocity» lesser the total tension in the cable the better it is» 
from the point of view of thrust required and the unbalanced 



monMri'Ls t^o wKicH 'LHa v^&Kiclife will b>ft sub7j^c'Lifr<d ”Lc» . A lower "Lensi or* 
in the cable means there is extra length of the cable in the pwond 
which increases the chances of fouling. 

c] A high tension in the cable is not so detrimental ► in the case 
when cable moves towards the pulley since the direction of the 
cable force is along the vehicle direfction. This means that the 
vehicle is being pulled by the motor driving the winch. The 
advantage is undermined by the fact that a high tension will 
subject the vehicle to moments which have to be balanced by the 
propellers . Since the prop>ellers are capable of providing the 
required thrust the cable tension can be limitewd to lO N . 
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Rg. 6-2 ; Cable profile in the 
X~Z plane.Effect of change in 
tension in the cable is studied. 
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Rg. 6.3 : Cable profile In the X— Z 
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X~ direction.Total tension fO N 
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Fig. 6*^: Coble profile In the X— Z 
plane for diffemt positions of the 
submersible moving in positive X 
direction.Total tension - 10 N 
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Rg. 6.5 q: Cable profile in the X— Z 
plane for different positions of the 
submersible moving in the positive 
z direction.Total tension = 10 N. 
Y— Position = -4 m. 
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Fig. G.5 b: Cable profile in^ the Y-Z 
plane for different X— positions of the 
submersible moving in the positive 
z direction.Total tension = 10 N. 
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z direction.Tota! tension = 10 N. 

Y— Position = —4 m. 
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z direction.Tota! tension = 10 N. 
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Rg’: 6-7 a. Graph showing profile of 
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submersible moves with a equal 
velocity(0.707 m/sec)in X & Y direction. 
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the cable In the Y-Z plane when 
submersible moves with a equal 
velocity(0.707 m/sec)in X & Y direction. 


Chapter VII 


VERIFICATION OF DESIGN 


7.1 Inlroduclion 

The design of fhe vehicle is verificpd by checking 
whe'Lher "the following conditions a.re satisfied or not : 
al The thrust provided by the propellers should overcome the 

drag forces and the cable forces resisting motion. 

b] The stepp>er motors used for the pan and tilt mechanism should 
provide the required torque. 

cl The lights should provide adequate illumination^ to 

facilitate imaging up to 4 m from the vehicle. 

dl The vehicle should be neutrally buoyant and the centre of 

gravity should lie below the centre of buoyancy that is the 
vehicle should be in equilibrium when at rest. 

el The submersible should move in the desired direction that is 
the vehicle should be in equilibrium for surge as well as heave 
motion. 

The equations required for calculations of thrust 

requirement are given in section 5.3 with the procedure outlined 
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in C!<fct,±on B. 4. Th^ librium c-ondi ■tionss f*or 1 . 11 ^ vehicle 

identified in chapter 3 while the calculations of drag forces and 
cable forces is presented in chapter 6 . Tlie required equations 
and the values of drag forces are taken from these chapters. The 
equations for stepper motor calculations and underwater light 
requirement ^ calculations are presented in this chapter itself. 

7.2 Verification of S^elected Proi>eller 


Fol 1 owi ng the sel ec ti on pr ocedur e out 1 i ned i n 

section B. 4 the following propellers were selected ;The horizontal 
propeller has a diameter of O. 26 m and it"s pitch to diameter 
ratio is 0.67; while the vertical propeller has a diameter of 0.4 
m with a P/D ratio of 0. 6B. This section verifies if the 
profjellers can provide the required thrust and the shaft power- 
required. 

The propeller thrust required to overcome the drag 
forces^ calculated in section 5.2.2 can be calculated by solving 
the equilibrium conditions established in section 3.4. The 
relevant equations 3.2 and 3.7 for surge motion and equation 3.10 
for heave Tiftotion are rearranged and written as s 
a ] Sur ge s 

TX4 + TX2 ■ tCx + Dxi + r>K2 C 7. 1 > 

Txi - Tx 2 ■ tcy 4 hy&m O ..............07. 2> 

b 


b 1 Heave i 


Tz 


Dz 4 tc* 


C7. 3> 
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Th,® above equations can be solved to give the values of 

f’c>r known values of Dxi,I>x2>tcx, tcy and tez calculated in 
section 6.2.2 and 6.2.3 . Fig 7.1 shows the thrust required to 
drive the vehicle at speeds from 0. 2 to 1 m/sec in the horizontal 
and vertical direction. The Fig 7.2 shows the shaft horsepower 
required to develop this thrust at the required velocity. From the 
power graph it is observed that the horizontal prop»eller CP* and 
Fz:> can provide required thrust to drive the vehicle with a 
i the range of O to 1.0 m/sec . I^e propeller in the 
vertical direction CPa!) cannot propel the vehicle with velocity 
higher than 0.7 m/sec . 

7.2.1 Calculations for Thrust Requirement 

The sample calculation is given for a vehicle Tnoving 
at a velocity of 1 m/sec. 

Substituting the values of D»a.» Oxz,. Dz » tcx» tcy, and tc* 
calculated in section 6.2.2 equations 1 and 2 can be solved to 
give Txi and Txz. L and B are taken as 1.0 and 0.35 resp>ecti vel y . 

Txi + Tx2 = 92.75+2 + 10 = 104.75 

10 » 1.0^. O 

T>u. - Tx2 = - =14. 26 

O. 35 

Solving the above two equations we get the value of Txi and 
Tx 2 as 59.52 N and 45.23 N respectively. 

Substituting values of Fb.W»Dz and tez in equation 5 : 

Tz = 1610 -1810 + 273.16 + 10 = 263.16 N. 
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Fig. 7.1 Graph of axia! velocity 

vs the thrust requirement 



7. 2. 2 
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Calculations for Power Requl reiaent 

The procedure to calculate the p>ower required for 
the selected propellers to provide the required thrust at a given 
velocity is outlined in section 3 . 3 . 1 . Following this procedure 
the power required by the horizontal propeller CP15 and the 
vertical propeller CP3'J is given when the velocity of the vehicle 
is 1 m/sec 

Th«p horizontal propeller has a diameter of O. S6 m and it*^s 
pitch to diameter ratio is 0.67; while the vertical propeller has 
a diameter of 0.4. m with a P^D ratio of 0.65. 
a] Calculations for horizontal prop>eller CPI 5 
From Taylor's Chart : 

n = O. 52 Js ; Bp = 39. 93 ; J = O. 42 

Bp* 39. 91 * 

kc, = _ « J ® = w O. 42 ® 

33. OS 33. 08* 

= 0.01 S 

2.0»n«Kq»r? 2. OwfTW 0.018 **■ 0.52 

Kt = - = . 

J 0.42 

= 0.142 

1.0 

O. 26 » O. 42 


V 

n = 

D » J 


9. 15 rps 
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Fig. 7.2 Graph showing the shaft power 

requirement of the three propellers. 
Propeller P1 and P2 are along the 
horizontal axis while P3 is along 
vertical axis. 




^ ~ S. O « n M Kq « p « M 

= S. O M n M O. Oie M 10-4S M 9. IB* « O. 2S® 

= 107.67 W. 

bl Calculation for Vertical propeller CPaD. 

The formulae and the steps followed are same as that for the 
horizontal prop>eller .The corresponding values are as follows : 

Y) = 0.445 ; Bp = 74,4 ; J = 0.33 

Kq = 0.0198 ; Kt = 0.168 

n = 7. 5 rps ; P = 563 W . 


7.3 


Verification of Stepper Motor Torque Requirement. 


The sp>ecifi cations of the stepper motors for the 

pan and tilt mechanism is given in the Table -5 in Appendix ~ B . 

The maximum torque provided by the motor is 4 kg cm . The torque 

of the motor can be calculated by using the expression given below 

with the notations : 

: Load inertia. kg m 

2 

J : Motor inertia, kg m 
t 

T : Motor Torque N m 

fi 

€iL : Angular acceleration, rad/sec 
: Angular velocity rad/sec . 

O : Angular distance travelled in one step rad 


c J 4 J :> 4 ot 

I m 


C7. 43 



Ol 



QG 

C7.5> 


I*t is assumed "that the angular velocity of the motor increases 
linearly while moving from one step to another. Substituting 
= O. 12S rad/sec^ and Of = O. OB rad 
in equation 7. B gives the value of angular acceleration as 

ft 

rad^sec The calculations for the load inertia are given in Table 
- 7.1. l>ie value of load inertia is 0.16 kg . Substitution of 
these values in equation -7.4 gives the motor torque as 0,064 Nm ie. 
.£4 kg cm .Therefore the steppjer motor can provide the required 
torque. 

CC».(PONENT . MASS ChD [ M. I ' 

> - -- ^ i 

^ Kg * Kg. s 

5 I 

* I ' 

Platform ^ 1.64 ^ 0.0063 ; 

Rev Base O. 87 1 O. 007B ^ 

< - ; 

< Ca.nM»ra 0. 7 ^ O. OOS5 ; 

Mot-or 2 I -0.0014 * 

. . > < 

E M. I « Kl/E M O. le 


Table 7.1 Load Inertia on the Stepper Motor 
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^ Illuminance Required tar C^sservat.ion 

The vehicle is provided with two lights of a power 
capacity of lOO W each and a initial intensity of 1340 lumens. -Hte 
SF>efcifi cations of lights are given in Table- 6 in Appendix - B. 
This section verifies if the light intensity is sufficient to view 
objects in the range of 4 m from the camera. The following 
notation is used : 


c : Beam attenuation coefficient of water 

I : Source luminous intensity candela 

L : Illuminance CLuxD 
r^ : Source to object distance. CnO 

r : Ctoject to sensor distance. CnD 

fi 

p : Qtj^&at reflectance. 

T : Water transmittance. 

Ip : Intensity ClumensZ) 

The luminance observed by the underwater camera or the viewer 
is given by the expression : 

L m I p 4t .C7.6> 

t 


—c ♦ C rl 4 r2I> 

T= e m • m m m m m m m m m m m » • » m m m m m m m CTm fJ 

Substituting the values of “ 0.1* -4 * 4 respectively 

in equation 7.7 the water transmi ttance turns out to be O. B4S. 

The minimum illuminance required for the camera is 3 Lux as 
given in it"s specif i cations. Therefore the only unknown in 
equation 7.6 is the source intensity which can be calculated by 



rearranging the equation as : 

L ** r* 3 »* 

— 153. 3V candela. 

P ^ T O. 55 M O. 549 

Tl-ie intensity in lumens is given by the expression : 

^ ♦ n ^ I . . . . C 7. 8> 

The minimum light source intensity should be of the order of 
1994 lumens. Tlie two lights provide a intensity of 2630 lumens. 

7.5 Verification of Equilibrium Of Vehicle 

7-5.1 Hydros 'ta'tic Equilibrium 

The vohi cl e shoul d mai nt ai n a upri ght, posi 'Ll on 
whon i ’t is air ros't. The conditions for equilibrium were given in 
section 3.4.1. Table 7.2 shows that the weight and buoyancy 
forces are equal and the centre of buoyancy lies above the centre 
of gravity with both lying in the same vertical plane ie. their 
line of actions coincide. Hence the conditions for hydrostatic 
equilibrium are satisfied. 

7.5.2 Equilibrium in Steady Steady State motion 

Tlie equilibrium condition of the vehicle were given 
in section 3.3.1 surge and in section 3.3.2 for heave motion. 
Investigation of these equations show tha*. the sum of the 
forces C E Fy = O ; equation 3. 4 1) and the sum of moments in the 
Y- direction C 52 My = O ;equation 3.7 ':> are not zero since tcy is 
not zero and the direction of Dxz can be same as that of tcy. 
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Thie effect of the uribal enced f'orce tcy is to cause the 
vehicle to move in the direction p»er-pendi cul ar to the direction of 
motion. To avoid this the vehicle axis should be at an angle ft 
with the direction of motion . To enable the vehicle to move in a 
straight line the vehicle axis. and the direction of motion should 
not coincide. TTie axisymroetry of flow is then lost and the vehicle 
will be subjected to drag forces in the Y direction. To get a 
priliminary estimate the drag force is taken same as when the 
vehicle is moving straight and the Y direction forces are 
neglected, 
a ] Sur ge mot i on 

TTie angle the vehicle should take for surge motion can 

be calculated by using the equation given below with reference to 


Fig. 7. 3 Ca] . 

CTxi + Tx 2 cos ft = tcx + Dx C7.Q'y 

fS 

CTxi 4 TxaJ >4 sin ft = tcy C7.10> 


L 

CTxi - Txal) # b = » sin /*? # CDx - 4 *tcy # cos ft 

2- O - 

...... ......................... .C7. 113 

Substituting the following values in the above equations : 

E)x = 94.75 N ,tcx = tcy = tci = 10 N and L = 1.0 m the 

calculated values of Txa ,Tx 2 and the angle ft are 65. S4 N »39.51 
N and B. rospoeti vel y . 
bl Heave 

Fig 7.3 Cb3 shows the forces acting on the vehicle for motion 
in the vertical direction with the vehicle axis at an angle Cft^y 
with the X axis. The equilibrium equations can be written as : 
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CTxi * Tx 2 > ♦ cos ft m t,CK 

V 

CTxi + Tx 2 > ♦ sin ^ ■ tcy 


.C7. !£:> 
C7.13:> 


C Txi - Txz!) 4> b 


L 


2. O 


slri ft ^ t/Cx + "Lcy # cos ft 

V * V V 


.....C7.143 

Substituting values of tcx^ tcy» L, fa as 10 N, 10 N , 1 . 0 m» 
0.35 m respectively .the values of Txi . Txz and ft are calculated 

V 

A.S B BN a.nd 4B^ reap^c*Li vel y . 

The effect of the unbalanced moment in the Y - direction is 
to tilt the vehicle such that it makes an angle a with the 
horizontal axis in the vertical plane. This angle in the worst 
ease is calculated for the vehicle moving with an velocity of 1 
m/sec horizontal direction and with an velocity of 0.7 m/sec in 
the vertical direction by solving the equations given below with 
reference to Fig 7.4 [a] and Fig 7.4 [bl : 


al Surge Motion 

L 

Z My . tcy % 4 Dx2 # c ■ W^a^sinot. ..C7.15> 

^ 2.0 

bl Heave Motion 

L 

£ My ■ tcy ♦ ■ W 4 a 4 sin a ....C7. 16:> 

2.0 


The equations can be solved by substituting the following values : 


tcz 

= 10 N ; 

Dx2 

= 2 N ; L 

= 0. 5 m 


= 0.016 m 

; c: 

= 0.3 m 



giving the values of and as 


1.1® and 1.0® respectively . 
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7.6 Conclusion 

Tho 'Lhrust. provided by the prop»ellers is adecjuate to drive 
the vehicle with a velocity in the range of 0 - 1.0 m/sec for 
surge motion and between 0-0.7 m/sec for heave. The lights allow 
Images to be taken at a distance of 4 m from the camera. The 
stepper motors are capeble of providing the necessary torque for 
the pan and tilt motion. Though the vehicle axis and the axis of 
motion do not coincide the vehicle can be steered in the desired 
direction without any drift assuming steady state conditions. The 
equilibrium conditions for the vehicle are satisfied. 
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CONCLUSION 


Chapter VIII 


The design of an unmanned, tethered, remotely 

controlled submersible for the inspection of spent fuel storage 

tanks in nuclear fuel plants is feasible. The size and weight of 
the vehicle is comparable to that of the other existing 
ssubmersi bl€&s * used for sirnilar applications. 

Most of the other existing vehicles* have an open space metal 
framework structure. The closed framework structure of the 

designed submersible reduces possibilities of cable entanglement 
with the vehicle and eliminates the need to use underwater 

equipment. Thie cable attachment pxi^sition is such that the 

vehicle is not subjected to any rolling motions * while the yaw 
motion created by it can be corrected by using the two horizontal 
propellers. In case of open sp>ace framework structure the cable 
attachment is usually at the top subjecting the vehicle to rolling 
couple which has to be corrected by use of two vertical propellers 
*thus requiring minimum four prop?ellers. The mounting of the 
camera on the pan and tilt mechanism enables observation in all 
directions without changing the position of the vehicle. 
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Though the vehicle has been designed with inspection of 
storage tanks as the major application it may be used for 
inspection of water intake and outlet pipelines. in nuclear as well 
as thermal and hydroelectric power plants. Tlie vehicle may also 
be used in offshore industries for inspection at shallow depths. 

Tl,e following aspects of design will have to be worked on 
before the vehicle can be fabricated : 

a] The details of the control strategy have to be worked out. 
The interpretation of sensor data shouldn‘t be left completely on 
the operator since his attention will be occupied in guiding the 
vehicle through the desired path. 

b) Thie cable forces for steady state motion have to be studied 
without the assumption that cable velocity is half that of 
vehicle velocity. The stiffness of the cable should also be taken 
i nto account . 

cl For yaw motion correction by the propel 1 ers . the drag forces 
acting on the vehicle in the direction perpendicular to the motion 
of the vehicle should be considered. 

dl Hie forces acting on the vehicle during unsteady state have to 
be estimated. The dynamic state cable configuration and the 
resulting force on the vehicle should be investigated for setting 
the limits on the torque sensor measuring the cable tension, 
el Hie performance of the propellers has to be investigated and 
its effect on the vehicle performance should be studied, 
fl Hie stress analysis of the vehicle structure should be 
carried out. 

g] The reliability analysis of the overall vehicle system will 
be an important aspect requiring attention. 
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DETAIL PARTS DRAWINGS OF THE SUBMERSIBLE VEHICLE 
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APPENDIX - B 


SPECIFICATIONS OF VEHICLE 


C<»IPONEMTS 



Table 1 


PROPELLER SPECIFICATIONS 


Horizontal Propeller 


a] 

Pr Opel 1 er D1 amet er 

: O. 26 m 

b] 

Pi teh/^1 ameter ratio 

: 0. 67 

c ] 

Opt! mum Ef f 1 el eney 

: 0. AS 

Vertical Propeller t 


a] 

Pr opiel 1 er Di amet er 

P 

3 

b3 

Pi tch/Di ameter r at i o 

: O. 65 

c3 

Optimum Efficiency 

: O. 44 


Table 2. D. C. SERVO 

MOTOR SPECIFICATIONS 

a] 

Motor Make : 

Yaskawa Hi- 

Cup 

Motor 

b] 

Motor Model : 

UGHMED - 03GG1 


c ] 

Overall Dimensions : 

200 » 

250 

1 

d] 

Gross Weight ; 

120 Kg 



e] 

Rated Power : 

250 W 



f ] 

Rated Torque : 

2. 4 N. m 



g3 

Rated Speed : 

lOOO rpm 



h] 

Armature Voltage : 

55 V 



1 ] 

Armature Current : 

7.8 A 




Torque/Iner ti a 

1159 rad/soc^ 


i ] 

Maxi mum Tor que : 

12 N.m 



J3 

Maximum Speed 

2500 rpm 



k] 

Maximum Current : 

38 A 





Tablcr 3 . 


CAMERA SPECIFICATIONS 


al 

Camera 

Make 

bl 

Overall 

Di mensl ons 

e] 

Wei ght 


dl 

Resol uti 

on 

*3 

Lens 


f 3 

Mi nl mum 

Illuml natic 

g3 

Operating Voltage 


Pul nix Mlnlatur® CCD Camer 
60 ^ « 200 1 
7 hi 

280 ** 3BO 1 1 n®B 

8.5 nun. f 1 . 6 , auto Iria 
3 Lux 
13 V D. C 


Table 4. 


PAN AND TILT MECHANISM SPECIFICATIONS 


a3 

Overall Dimensions 

: 180 X aeo K 300 mm 

b3 

P'A.n Motion 

: 380*^ 

c 3 

Tilt Motion 

: 270° 

d3 

Total Weight 

: lOO N 


Table 6. STEPPER MOTOR 

SPECIFICATION 

a3 

Type , 

STM 602 

b3 

Overall Dimensions : 

GO ^ M lOO 1 

c3 

Torque Rating : 

0. 4 N. m 

d3 

Operating Voltage : 

6 V 



Tabl« 6 


LIGHT SPECIFICATIONS 


a] 

Light Typ«r 

• 

Tungsstan 

b] 

Over al 1 Leng t h 

: 

111 mm 

c3 

Power 

: 

lOO W 

dl 

Initial Intensity 

: 

1 340 Luman 

e] 

Oper at i ng Vol t age 

: 

120 V 

f 3 

Average Life 

: 

200 hr 
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